ABSTRACT The aim of this work is to relate the curing conditions of concrete and the addition of an air-entraining admixture with the damage caused by freeze-thaw cycles. In countries with a continental climate, the curing of concrete in summer is performed under climatic conditions of high temperature and low humidity, and during the winter the concrete suffers conditions of freeze-thaw, often accompanied by the use of de-icing salts. This paper shows the experimental results of the behaviour of concrete specimens cured under climatic summer conditions (high temperature and low humidity) and then subjected to freeze-thaw cycles. Curing of the specimens includes conditions oígood and bad practice in relation to wetting and protection of the concrete. It also examines the effectiveness of using an air-entraining admixture in both cases. The experimental programme includes an evaluation of the mechanical propendes of the concrete, the study of the cement hydration and the measurement of the volume and pore sizes of the concrete. These tests were performed before and after the application of the freeze-thaw cycles. The results obtained showed that the specimens without air-entraining admixture show a deteriorad on of mechanical propendes after the freeze-thaw test. However, the inclusión of air bubbles benefits the behaviour of concrete against freeze-thaw cycles so even better mechanical properties after the test were observed. This anomalous behaviour is because the cement hydration process continúes over the freeze-thaw tests, closing the pore structure. This aspect has been confirmed with the DTA and TG tests performed.
INTRODUCTION
As the number of publications dealing with frost durability of concrete is far-reaching, this work does not seek to summarise all the contributions to this vast and complex subject. Concrete is a heterogeneous material, composed by aggregates (sand and gravel), cement, water and usually one or several admixtures to improve the fresh and strengthened behaviour. This material behaves well even under adverse weather conditions if it has been adequately designed, cast and cured. In countries with a continental climate concrete is often cast in the summer months, with high temperature and low humidity, with this concrete being subjected to freeze-thaw cycles during winter. This scenario can worsen if de-icing salt is added, [1] [2] [3] such us the cases of the slabs and pillars of road bridges. Good curing process of concrete during the summer is essential for the durability of the material, especially under freezing conditions in the following winters. The microstructure and the hydration grade of the concrete are highly infiuenced by the curing conditions. In general terms, a good curing process creates a closer porous structure and higher physical and chemical resistance.
thawing cycles can only be achieved if the mixture contains an adequate system of entrained air voids. 3 ' 5 Several works have clearly indicated that the curing temperature can have a highly significant influence on concrete scaling resistance. But, in the laboratory the curing is generally performed by immersing samples in limesaturated water or by placing them in a fog room, both cases quite cióse to saturated conditions. Surprisingly, the number of studies of the influence of the type of curing, combining high temperature and low humidity, on the scaling behaviour of the concrete remains extremely limited. While in certain cases the type of curing is found to have little influence, 6 ' 7 in others, concretes cured with a curing admixture appear to have an improved scaling resistance. 8 ' 9 Concrete cured under high temperature, such as the steam cured concrete coming from prefabrication plants, modifies the morphology of the hydrated silicates and shows a more crystalline and porous structure. [10] [11] [12] [13] [14] [15] This procedure has been found to be detrimental to the scaling resistance of the concrete. However, some authors 18 have found an improvement of the scaling resistance of the high-strength concrete when passing from 20 to 60 °C at early ages of the concrete. The objective of this paper is to study the influence of the curing conditions of the concrete when it is cast under summer conditions (high temperature and low humidity) in the internal deterioration and scaling resistance under freeze-thaw cycles (winter conditions). Conditions of 'good' and 'bad' practice curing conditions are studied. The effectiveness of using an air-entraining admixture is also studied. The experimental programme includes the evaluation of the mechanical properties of the concrete, study of the cement hydration and measurement of the volume and pore sizes of the concrete. These tests were performed before and after the application of the freeze-thaw cycles.
Whereas the following section examines the experimental programme, Section 3 shows the results. Conclusions are presented in Section 4.
EXPERIMENTAL PROGRAMME

Materials and specimens
Four different concretes were tested, combining two compression strengths (C30 and C45) and the use or not of an air-entrainment admixture. The mixes were cast using the same cement: CEM 142.5 R. The aggregate consisted of siliceous rolled with grade 0/5 sand and 5/20 crushed limestone gravel. A polycarboxylate superplasticiser was added (0.6% of cement weight). An air-entrained agent was also added to two of the mixtures. The water/cement ratio was 0.5 and 0.4 for the C30 and C45 concretes, respectively. The water content of the admixtures was computed in the w/c ratio. In Table 1 , concrete mixes are given. The concrete was mixed using a vertical-axis planetary mixer with a capacity of 100 1. Fifteen cylindrical specimens of 1500 x 300 mm height were cast for each concrete mix.
Concrete curing
All specimens were demoulded after 24 h. They were subsequently stored in a climatic chamber at 30 °C and 37% relative humidity for 28 d. These temperature and humidity valúes represent the average environmental conditions of summer in central Spain. Under these conditions, two curing processes were performed. The so-called 'wet curing' (W) was carried out daily, wetting the specimens inside the climatic chamber during the first week, as recommended by the Spanish Code of Structural Concrete (EHE). The 'dry curing' (D) was performed by avoiding the daily wetting of the specimens. The combination of the four types of concrete and the two curing conditions supplied eight different concretes with the following nomenclature: strength of concrete-percentage of air-entrained agent-type of curing. Table 2 shows the combination of these variables and the nomenclature of each cured concrete.
Test procedures and methods
In mechanical terms, three properties were measured: compressive strength (EN 12390-3 standard), elasticity modulus (UNE 83316 standard) and tensile strength (EN 12390-6 standard). The tests were performed before and after the freeze-thaw cycles. Mercury intrusión porosimetry (MIP) tests were performed with a Micromeritics porosimeter, Autopore IV 9500 model, which reached a pressure of 228 MPa, and measured the diameter of pores from 0.006 to 175 /im. The ASTM D4404 standard was adopted. The weight of the sample was 3.5 ± 0.3 g. The specimen was dried at 40 °C and degasified. For modelling, the pores were idealised as cylindrical channels, and the Washburn-Laplace law was adopted to relate the mercury pressure with the radius of the pore, as Eq. 1 shows -4y eos 9
(1)
Results, in accordance with the ASTM El 131 standard, were obtained when the concrete life was at 28, 90 and 365 d.
Freeze-thaw eyele
Six specimens for each type of concrete were tested according to freeze-thaw ASTM C 666 standard. 19 One specimen of each type of concrete was stored at 20 °C and 45-50% relative humidity for comparison.
The test was performed as follows: at the age of 28 d the specimens were immersed in water for four days, ensuring saturation. Then, they were inserted in the climate chamber and were subjected to 300 freeze-thaw cycles according to the temperature versus time diagram shown in Fig. 2 .
Every week, i.e. every 42 cycles, the length, weight and ultrasonic pulse velocity were measured in each specimen. The specimens were removed from the climatic chamber for measuring at a temperature of 10 °C. Upon the completion of 300 freeze-thaw cycles, the modulus of elasticity, tensile and compressive strength was measured on each specimen. In accordance with the standard C666 19 the relative dynamic modulus of elasticity (RDME) was where y is the surface tensión, 9 the contact angle, d the pore diameter andp the pressure required for mercury to penétrate into the pore. The MIP tests were performed before and after the freeze-thaw cycles. The samples were obtained from cylindrical slices placed at 5 cm from the base of the specimens. In the case of the tests after freeze-thaw cycles, four samples were obtained and tested; these were extracted at different distances from the circumferential face of the specimen in the radial direction. Figure 1 shows a sketch of the specimen with the slices for the various tests. Thermogravimetric analysis (TG/DTA) was performed to study the hydration of the cement. The STA 791 device was used. The specimen was heated to a temperature of 1000 °C, with a velocity of 10 °C/min. The reference material was a-AfiC^, heated to 1200 °C. The tests were carried out in N2 atmosphere with a flow of 80 ml/min. 
where: P c is the RDME, after c freeze-thaw cycles (%), n is the fundamental transverse frequency at 0 freeze-thaw cycles, and n¡ after c cycles.
The durability factor is calculated as follows:
where DF is the durability factor, P is the RDME at N freeze-thaw cycles (%), iVis the numberof cycles atwhich P reaches the specified minimum valué for discontinuing the test or the specified number of cycles at which the exposure is to be terminated, whichever is less, and M the specified number of cycles at which the exposure is to be terminated. Table 3 includes the results for the compressive strength and porosity for the specimens before and after the freeze-thaw cycles. The C30 specimens without air-entraining agent experienced deterioration in the mechanical properties as a result of the freeze-thaw test; however, this tendency was no clearly observed in the case of the C45 specimens without air-entraining agent. The inclusión of air voids improved the mechanical behaviour of the concrete exposed to freeze-thaw cycles in all cases. The mechanical properties after testing were even improved due to an increase in age (approximately 90 d), in addition to its improved behaviour against the freeze-thaw attack.
RESULTS
Regarding the porosity of the specimens, in almost all cases, a lower porosity was detected after the freeze-thaw cycles, without a significant influence of the air-entraining agent. As can be observed in Fig. 3 , in almost all cases, the specimens exposed to moist curing showed a higher porosity after the freeze-thaw cycles than the corresponding specimens exposed to dry curing. The critical diameter, which refers to the most commonly interconnected pore size, and corresponds to the máximum slope of the accumulated porosity curve, was also evaluated. As can be observed in Fig. 4 , it seems that Concrete designaron and mixture numtjer the critical diameter is greater in the case of the specimens exposed to dry curing. This is especially notable in the case of the C45 specimens. After exposure to the freeze-thaw cycles, the critical diameter valúes were similar for all the specimens. If the deterioration process caused by the freeze-thaw cycles were the only cause of microstructural variation, the observed pore size distribution after the freeze-thaw cycles would show that the peak of the differential distribution, which represents the dominant pore size, should shift towards the large diameter sizes. As can be observed in Figs 5-12 , for the majority of the specimens, and both C30 and C45, this peak does not change. In some cases it even shifts to the left (a smaller pore size), as in the case Pore size diameter (nm) Fig. 7 Distribution of pore diameter for C30-00-D before and after freeze-thaw cycles.
of the moist cured C30 and dry-cured C45 specimens, indicating a significant increase of the smaller pores after the freeze-thaw cycles. This may be explained by the hydration process stopping, and providing water to the specimens during the freeze-thaw cycles, the hydration process was resumed. This implies that the initial water content of the concrete was not sufficient to avoid selfdrying of the specimens, with the re-hydration process being significant in some of the specimens.
It can also be observed in Table 3 that the total pore volunte before the cycles is higher in all specimens, especially in the case of the specimens containing the air-entraining agent. Higher valúes were observed for the C45 specimens. Pare size diameter (rvn} Pore size diameter (nm) Fig. 9 Distribution of pore diameter for C45-00-W before and after freeze-thaw cycles. Pore size diameter (nm) Fig. 11 Distribution of pore diameter for C45-00-D before and after freeze-thaw cycles.
The degree of hydration affects the concrete freezing resistance. A high grade of hydration reduces the capillary porosity of the cement past and, therefore, the quantity of freezing water. Additionally, the strength of the cement paste increases, and consequently there is an increase in the resistance against the hydraulic pressure caused by the freezing of the water. As expected, it was also observed that at 28 d all the dry-cured specimens showed a lower hydration level than the moist cured specimens, with this difference being more notable for the C45 specimens. From these results it can be concluded that the moist-cured specimens experienced a higher hydration rate than the drycured specimens. The hydration rate of the dry-cured specimens was slower, resulting in more accessible pore space to the moist movement, and improving the concrete freeze-thaw resistance. This coincides with the higher pore percentage in dry-cured specimens, especially in the case of the C30. This tendency is maintained also at 90 d, though with less pronounced differences. At 365 d, the duration that the specimens were maintained in the climatic chamber, all the specimens cured at extreme conditions reached higher hydration levéis than the specimens that were wet during the first week. This surprising result, according to which concrete under dry-curing conditions improves its behaviour after freeze-thaw cycles, must be treated with caution. The accelerated test in a climatic chamber leads to complete the hydration process of the bad-cured concrete, and this is the reason for the improvement of the concrete behaviour. Obviously, a well-cured concrete with an airentrainment agent should be the best solution against the freeze-thaw cycles and scaling behaviour of concrete. In the practical case of in situ concrete, with a bad curing process, shrinkage cracking will appear and the microstructure will be more porous, with both being detrimental to the freeze-thaw behaviour. The aim of the authors is to emphasise the importance of the real curing process of the in situ concrete in combination with the use of an airentrainment agent; it is apparent that the use or non-use of the air-entrainment agent is the most influential factor affecting the freeze-thaw behaviour of the concrete (see Fig. 14) . For these results to be extended to encompass other aspects of durability, such as chloride diffusion when de-icing salts are spread over concrete, complementary studies should be performed. Figure 15 shows the evolution of the RDME under freeze-thaw testing for the C30 and C45 concretes. In the case of the C30 concrete (Fig. 15a) , the specimens without the air-entrainment agent showed worse behaviour, especially the wet-cured specimen. 20 The C45 concrete (Fig. 15b) showed better behaviour, with the behaviour of the specimen without air-entrainment agent and wet cured being a little lower. Figure 16 shows the durability factor of all the concretes after 300 freeze-thaw cy- cíes. These ultrasonic pulse results are consistent with the abovementioned results of MIP and DTA/TG.
CONCLUSIONS
The specimens without an air-entraining agent experience generalized deterioration of the mechanical properties as a result of the freeze-thaw test. The specimens with air-entraining agent are more resistant to the freeze-thaw cycles than the specimens without the airentraining agent. The RDME evolution and Durability Factor seem to be a useful and precise technique to detect the freeze-thawing deterioration at early ages. The durability characteristics of concrete exposed to freeze-thaw cycles are related to its pore microstructure. The pore volume, radius and size distribution determine the ireezing point oí the pore solution and the quantity oí ice formed in the pores. It seems that the pore volume and pore size are larger before the freeze-thaw cycles. This is because the hydration of the cement continued during the freeze-thaw test, as it has insufficiently developed during the curing period due to its extreme conditions. The hydration level of the specimens before the freeze-thaw cycles was approximately 10% lower in the moist-cured specimens and approximately 24% lower in the dry-cured specimens. These results coincide with the pore volume and size results, which were higher before the freeze-thaw cycles. Atthe end of the cycles, the hydration of the cement, which insufficiently developed during the curing process due to the low humidity and high curing temperature, was completed.
In general, both curing conditions permitted the continuation of the hydration process and the strengthening of the transition zone between the gravel and the paste during the freeze-thaw cycles. The wetting of the specimens further enhanced the hydration process, resulting in a closer pore structure. In contrast, the unwetted specimens resulted in an opener pore structure, with more interconnected pores, which served as beneficial for freeze-thaw resistance.
Considering concrete with water/cement ratio of 0.5 and applied conditions of 37% relative humidity and 30 °C temperature, the type of curing, with or without daily wetting during the first week, do not seem to be signiñcant variables in the deterioration due to freeze-thaw cycles. In certain cases, there was even an improvement in the freeze-thaw resistance of the dry-cured specimens.
The resulte of the standard C666 19 should be carefully treated when applied to early-age concretes. Saturated concrete specimens under freeze-thaw cycles may complete the hydration process, leading to erroneous interpretation when extended to the in situ concrete, under unsaturated conditions.
